In tundra, woody plants are expanding towards higher latitudes and altitudes due to increasingly 27 favourable climatic conditions. Their expansion may also occur through increases in the coverage 28 and height of the plants. These shifts may cascade further across the ecosystem, such as in the 29 foundations of tundra: that is, in the soils. Yet, little is known about the effects woody plants have 30 on local soil conditions. Here, we examined if the coverage and height of woody plants affect the 31 growing-season soil moisture and temperature as well as soil organic carbon stocks. We carried out 32 a field observation study in a dwarf shrub-dominated tundra and built a hierarchical model. We 33 found that, after controlling for other possible factors influencing woody plants and soil conditions 34 (namely, topography, snow, and the overall plant coverage), the coverage of woody plants inversely 35 correlated with all three soil conditions. Yet, we found no link between the woody plant height to 36 the soil variables. This indicates that woody plants affect local soil conditions in various ways, 37 depending upon whether their expansion occurs though the growth of coverage or their height. 38
Introduction 43
In tundra regions, climate change has led to an increase in woody plant dominance through, for 44 instance, shrub expansion and shrubification (Myers-Smith et al., 2011) . This results from 45 increasingly favourable environmental conditions, such as rising growing-season temperatures, 46 thicker snow cover, and increasing winter precipitation (Carrer, Pellizzari are closely linked to the global climate system through water, energy, and carbon cycles (Cahoon et 57 al., 2012) . Through the processes in these cycles, the expansion of woody plants, the largest plant 58 life form of tundra, is likely to lead to cascading effects across the tundra biome and beyond 59 (Chapin et Mountain tundra systems are characterised by a heterogeneous topography and seasonal snow cover 67 (Billings, 1973) . These factors play crucial roles on the spatial and temporal distribution of water 68 and energy (Ayres et reproduction (Horton & Hart, 1998) , although water-use efficiency differs between plant species, 86 functional groups, and ecosystems (Tang et al., 2014) . In tundra, woody plants intercept rainfall, 87 which, on a large scale, may decrease the overall water input into the ecosystem (Zwieback, Chang, 88 Marsh, & Berg, 2019). However, vegetation can also cause opposing effects by providing shade, 89 which in turn decreases not only the soil temperature, but also evaporation-that is, water 90 vaporisation at the soil surface (Aalto, Scherrer, Lenoir, Guisan, & Luoto, 2018 ). Yet, woody plants 91 in particular and their fundamental effects on the soil microclimate, especially on soil moisture, 92 remain insufficiently investigated. 93
The soil and vegetation conditions are integral parts of the tundra carbon cycle (Cahoon et al., 94 2012 ). The slow decomposition rate of the cool tundra regions enables high-latitude ecosystems to 95 store a large amount of carbon (Hugelius et al., 2014) , roughly 50% of the global belowground 96 organic carbon pool (Tarnocai et al., 2009 ). The expansion of woody plants is expected to increase 97 the aboveground carbon storage within tundra ecosystems, which may further alter the rate of 98 carbon cycling through changes in litter quality and biomass production (Myers-Smith & Hik, 99 2013). The shifts in vegetation composition towards a higher aboveground productivity may 100 unexpectedly lead to decreasing belowground carbon storage, possibly decreasing the overall 101 carbon storage of tundra ecosystems (Parker et al., 2015) . Regardless of the direction of the effect, 102 the expansion of woody plants is likely to affect the tundra carbon cycle carrying possibly 103 consequences for the global carbon cycle (Cahoon et al., 2012 ). Yet, understanding how local soil 104 organic carbon stocks respond to the expected changes in the expansion of woody plants remains 105 woefully insufficient. 106
Dwarf shrub tundra forms a substantial part of the overall Arctic vegetation (Walker et al., 2017) . 107
As a shortcoming, investigations of the effects of woody plant expansion have primarily focused on 108 tall, deciduous shrub species, whilst smaller, albeit more abundant, evergreen dwarf shrubs have 109 received less attention (Vowles & Björk, 2018) . Nonetheless, dwarf shrub expansion appears 110 responsive to ongoing climate change (e.g. Buizer et al., 2012; Hallinger et al., 2010; Vuorinen et 111 al., 2017) . Here, we carried out an observational study in a dwarf shrub-dominated tundra and built 112 a theory-based hierarchical model. We aimed to quantify the influence of woody plants on topsoil 113 conditions (namely, soil moisture, soil temperature, and soil organic carbon stocks) after controlling 114 for the effects of other factors (namely, the topography, wintertime snow depth, and overall 115 vascular plant abundance). Here, we attempted to answer to the following overarching question: Do 116 woody plants affect multiple soil conditions in tundra? 117 118
Materials & methods 119

Study area 120
We conducted this research in the Fennoscandian mountain tundra of north-western Finland 121 (69°03´N 20°51´E), in a study area covering 3 km² of a topographically heterogeneous landscape. 122
The study design comprised 171 study plots (1 m²) located above the treeline between two 123 mountains: Mount Saana and Mount Jehkas, which face north and south, respectively (Appendix 1). 124
On average, July is the warmest (11.2°C) and wettest (73 mm) month at the study site according to 125 In tundra, large areas of transition zones between habitats create variability in species composition 143 and ecosystem functions (Fletcher et al., 2012) . We selected the location of our study plots using a 144 systematic grid approach covering the study area and its diversity of habitats as well as the 145 transition zones between them (Appendix 1). We recorded the locations of the plots using a hand-146 held Global Navigation Satellite System receiver with an accuracy of up to ≤6 cm under optimal 147 conditions (GeoExplorer GeoXH 6000 Series; Trimble Inc., Sunnyvale, CA, USA). 148
We excluded sites situated in river channels (with the exception of meltwater channels) or boulder 149 fields, or those exposed to anthropogenic disturbance (i.e., trails). In addition to the systematic grid 150 with a 50-m minimum distance between sites, we intentionally situated 25 sites in snow-bank 151 environments and along windswept ridge tops to maximise the snow accumulation gradient in the 152 data coverage. In all 171 plots, we recorded wintertime snow depth (at the maximum snow-depth 153 timing in April), vegetation conditions (namely, plant coverage, woody plant dominance, and 154 woody plant height), and the soil conditions (namely, soil moisture, soil temperature, and soil 155 organic carbon stock). 156 157
Soil data 158
Soil moisture 159
We measured the soil moisture during the 2017 growing season (following Kemppinen et al., 2018) . 160
We measured the soil moisture using a hand-held time-domain reflectometry sensor (FieldScout 161 TDR 300; Spectrum Technologies Inc., USA). Moisture was measured up to a depth of 7.5 cm as 162 the volumetric water content (VWC%). The resolution of the device is 0.1% with a reported 163 accuracy of ±3.0 VWC%. We repeated the moisture measurements on five occasions (hereafter, 164 campaigns; see Appendix 2). During each campaign, we took the mean over three measurements 165 per plot to account for possible fine-scale moisture variation within a single plot. In subsequent 166 analyses, we used the mean of these five campaigns to represent the overall soil moisture level 167 during the growing season. 168 169 Soil temperature 170
We measured the soil temperature simultaneously with the soil moisture measurements. We used a 171 hand-held digital temperature device (VWR-TD11; VWR International, USA). The resolution of 172 the device is 0.1°C with a reported accuracy of ±0.8°C. Temperature was measured at a depth of up 173 to 7.5 cm. We took the temperature measurement once from the centre of each plot, repeating this 174 on five campaigns during the growing season (Appendix 2). In our analyses, we used the mean over 175 the five campaigns to represent the soil temperature during the growing season. We corrected the 176 possible effects of the timing of the measurements using data from miniature temperature loggers. 177
Details regarding the soil temperature corrections appear in Appendix 4. 178 179 Soil organic carbon stock 180
We measured the depth of the organic soil layer from three points in each plot using a metal probe. 181
In our analysis, we used the mean over the three measurement points per plot to represent the 182 organic layer depth of each plot. We collected soil samples of approximately 1 dl of soil material 183 from the organic and mineral soil layers using metal soil core cylinders (4-6 cm Ø, 5-7 cm in 184 height). Samples from the organic soil layer were collected from the topsoil, with samples from the 185 mineral soil layer taken from directly below the organic soil layer. The samples were collected from 186 the same proximity of each plot between 1 and 31 August 2016 and 2017. A detailed description of 187 the two sampling years appears in Appendix 5. 188
The laboratory analyses were carried out in the Laboratory of Geosciences and Geography and the 189 Laboratory of Forest Sciences at the University of Helsinki. We used a freeze-drying method to 190 remove soil moisture from the samples. The bulk density (kg/m³) was estimated by dividing the dry 191 weight by the sample volume. The total carbon content (hereafter, C%) analyses were performed We used the median C% and bulk density of the samples from the mineral soil layer to estimate the 203 soil organic carbon stocks in all mineral soil layers (3% for C%, n = 54, and 830 kg/m 3 for bulk 204 density, n = 70). We assumed that this would reliably allow us to determine the soil mineral layer 205 stocks given the relatively low variability in C% (0.4-6.5%) and the bulk density (470-1400 206 kg/m 3 ). We used the in situ measured mineral soil layer depth for each plot (relying on the mean 207 over three measurements). 208
We did not measure C% from the samples taken from the organic soil layer from all sites. However, 209
we measured the soil organic matter content (SOM%) using the loss-on-ignition method from the 210 remaining sites (n = 52) (SFS3008, 1990). We calculated the soil organic matter stocks following 211 Equation 1 and converted them into soil organic carbon stocks based on a relationship between C% 212 and SOM% (Appendix 2). For this conversion, we used data from the study plots that had both C% 213 and SOM% data based on samples from the organic soil layer (n = 118). The carbon fraction in the 214 soil organic matter was calculated as 0.54 (R 2 = 0.97), similar to Parker et al. (2015) . This was then 215 used to estimate the soil organic carbon stock in the organic layer. We arrived at this fraction by 216 regressing the soil organic carbon stock in the organic soil layer using the soil organic matter stock 217 in the organic soil layer without the intercept. We calculated the potential incoming solar radiation based on the three months of the growing 292 season (June, July, and August) using a tool in SAGA GIS v. 2.3.2 that measures the potential 293 incoming solar radiation. We considered the possible shadow effect of obstructing topographic 294 features using the sky view-factor option (Böhner & Antonic, 2009 ). We calculated the position of 295 the Sun for every fifth day using a 4-h interval. We used the lumped atmosphere option to calculate 296 the atmospheric transmittance. 297
Topographic wetness index 299
The topography controls the surface water flow and the accumulation of it (Beven & Kirkby, 1979) . We calculated the topographic wetness index [TWI = ln (SCA / local slope)], a proxy for the water 304 flow and accumulation, which can be used to model the variation in the soil moisture at fine-spatial 305 scales (Kemppinen et al., 2018) . The total catchment area (TCA) was calculated from a filled DTM 306 using the multiple flow-direction algorithm (Freeman, 1991; Wang & Liu, 2006) , which performs 307 best in predicting volumetric water content in mountain tundra (Riihimäki, Kemppinen, Kopecký, 308 & Luoto, 2019) . The specific catchment area (SCA) was calculated assuming that the flow width 309 equals the grid resolution (2 m) (i.e., SCA = TCA/2). The local slope was calculated using the 310 algorithm by Zevenbergen and Thorne (1987) . 311 312 Topographic position index 313
Topographic position affects the erosion, transportation, and accumulation of matter and energy in 314 the landscape. We assumed that the topographic position associates with snow depth specifically in 315 the study system (Billings & Bliss, 1959) . 316
We calculated the topographic position index (TPI), based on the elevation difference between a 317 plot and the surrounding elevation along a given radius (Agren, Lidberg, Stromgren, Ogilvie, & 318 Arp, 2014). This describes the position of the plot on a topographic gradient-that is, a plot located 319 on a ridge top (positive values), in a depression (negative), or on a slope or flat ground (close to 320 zero). We calculated TPI using 30-m radii based on an unfilled DTM (following Kemppinen et al., 321 2018) . 322 323
Statistical analyses 324
We used structural equation modelling (SEM) to understand the hierarchy of the environmental 325 variables controlling the soil conditions in tundra systems. SEM is a statistical modelling method 326 that can be used to understand complex multivariate relationships, such as indirect effects and 327 cascading effects (Grace, Anderson, Olff, & Scheiner, 2010) . SEM produces a single causal 328 network in which several response variables and predictors are combined by probabilistic models 329 (Lefcheck, 2016) . This enables the testing of hypothesised causal relationships, here presented as 330 arrows. In SEM, a variable can be both a predictor and a response variable. This enables 331 determining if a predictor has a direct or mediating effect-that is, if a variable serves as a 332 mediator. Thus, SEM allows the simultaneous evaluation of several causal structures. Results are 333 expressed as standardised regression coefficients, which allows for the direct comparison of the 334 estimated effects (Lefcheck, 2016) . We used the piecewiseSEM package in R, version 3.5.1 335 (Lefcheck, 2016; R Development Core Team, 2016) . 336
We log-transformed all three vegetation variables (plant coverage, woody plant dominance, and 337 woody plant height) as well as the soil moisture and soil organic carbon stock variables to reduce 338 the heteroscedasticity in the component models. This decision was based on the visual interpretation 339 of the histograms of the linear model residuals for each response variable. 340
We also calculated the bivariate Spearman correlations between all variables. Due to the high 341 correlation (-0.72) between the snow depth and TPI variables (Appendix 6), we excluded TPI from 342 those models that used snow depth as a predictor (i.e., all vegetation and soil models). 343
We fitted all hypothesised paths (i.e., component models) using a first-order multiple linear 344 regression model. The paths included both the direct pathways from the predictors (topography) and 345 pathways through the mediators (snow depth and vegetation variables) to the response variables 346 (soil variables). We created SEM consisting of seven component models as follows. 1) Snow depth 347 was modelled using elevation and TPI. 2) Plant coverage, 3) woody plant dominance, and 4) woody 348 plant height were modelled using elevation, radiation, TWI, and snow depth. 5) Soil moisture, 6) 349 soil temperature, and 7) soil organic carbon stock were modelled using all predictors and mediators 350 (for a detailed model structure, see Appendix 7). 351
We assumed that correlations might exist between the error terms of the soil and vegetation 352 variables. Thus, we updated the model to account for all possible residual correlations between the 353 vegetation variables and between the soil variables. 354
355
Data deposition 356
Field data will be made openly available in Zenodo once this manuscript is accepted, and we will 357 include the link here. 358
359
Results
360
The R 2 values for the seven component models ranged from 0.09 to 0.54 (Figure 3 ; for detailed 361 results of the model, see Appendix 7). According to tests of directed separation, we excluded from 362 the model only one path, which was a link between woody plant height and TPI. 363
Soil temperature was the only soil variable that linked to plant coverage (standardised coefficient = 364 -0.30, P = 0.00). Woody plant dominance negatively correlated with all soil conditions: soil 365 moisture, soil temperature, and soil organic carbon stock (standardised coefficients = -0.16; -0.22; -366 0.27, P = 0.04; 0.00; 0.00). None of the soil conditions were affected by woody plant height. The 367 covariance between soil moisture and soil organic carbon stock was positive. 368
We found no significant direct link (P < 0.05) for snow depth to the soil conditions. Yet, the snow 369 We found that woody plants such as dwarf shrubs affect the soil moisture, soil temperature, and soil 380 carbon stock distribution in the tundra ecosystem. In addition to woody plants, we considered the 381 direct and indirect effects of the topography, wintertime snow depth, and overall vascular plant 382 coverage on the tundra soil conditions. 383
384
Effects of woody plants on the soil moisture 385
We found that the dominance of woody plants directly related to less soil moisture in the topsoil. 386 However, our results indicated no relationship between woody plant height and soil moisture. This 387 suggests that the expansion of woody plants may carry different consequences on the soil moisture 388 depending upon whether the expansion is realised through the coverage or the height of woody 389
plants. 390
Our findings are relevant in light of previous studies, which found that the expansion of woody 391 plants may lead to an increased evapotranspiration and intercepting precipitation (Bonfils et al., 392 2012; Pearson et al., 2013; Zwieback et al., 2019) . Previous studies reached conclusions similar to 393 our fine-scale investigation: that is, soil moisture is generally lower in woody plant habitats 394 compared to other tundra habitats (Ge, Lafleur, & Humphreys, 2017; Lafleur & Humphreys, 2018) . 395
The negative effect of woody plants on the soil moisture could be explained by an increased 396 transpiration. Transpiration also appears sensitive to the height of woody plants, since taller plants 397 transpire more than smaller plants (Bonfils et al., 2012) . In tundra, evergreen woody plants may 398 cause less evaporation, since they cast shade on the soil beneath them throughout the growing 399
season. Yet, deciduous woody plant transpiration is affected by phenology, as transpiration may 400 overcome evaporation as soon as buds burst into leaves (Bonfils et al., 2012) . The expansion of 401 woody plants can increase water vapour in the atmosphere, because woody plants transpire water 402 more efficiently than barren tundra (Swann, Fung, Levis, Bonan, & Doney, 2010 ). An increased 403 transpiration, in turn, may amplify the greenhouse effect of woody plants alongside changes in the 404 albedo (Swann et al., 2010) . 405
We found no relationship between vascular plant coverage and soil moisture. This shows that we 406 could 1) separate the effects of woody plants from the overall effects of vascular plants and 2) 407 distinguish between the effects of woody plants on the soil moisture from the effects of soil 408 moisture on vascular plants. Thus, the expansion of woody plants may affect the soil moisture 409 beyond that resulting from higher overall vegetation coverage. Therefore, we stress that it is crucial 410 to consider carefully which plant-soil feedbacks are essential in next-generation soil hydrology 411 models (Porporato & Rodriguez-Iturbe, 2002; Robinson et al., 2019) . 412
413
Effects of woody plants on soil temperature 414
We found that plants in general lower the soil temperatures in tundra, given that both the overall 415 plant coverage and woody plant dominance decreased the soil temperature. In treeless ecosystems 416 (such as tundra), vegetation in general cools the soils below through shading 417 Myers-Smith & Hik, 2013). In addition, both deciduous and evergreen woody plants appear to carry 418 a cooling effect on soil temperatures during the growing season (Loranty et al., 2018) 
Effects of woody plants on soil organic carbon stock 430
We found that the dominance of woody plants directly relates to lower soil organic carbon stocks. 431
Yet, we found no relationship between woody plant height and the soil organic carbon stock ( Figure  432 3), although we did detect a significant positive bivariate correlation between these two variables 433 (Appendix 6). These findings show that the expansion of woody plants (i.e., increasing coverage or 434 height) may influence the tundra carbon cycle in various ways. This may explain why no consensus 435 currently exists regarding how the expansion of woody plants may affect the tundra carbon cycle. 436
Other studies found that the expansion of woody plants may lead to either an increase (Qian, 437 Joseph, & Zeng, 2010) or decrease (Cahoon et al., 2012) (Ge et al., 2017) . Plant root properties and rhizosphere processes also influence soil 444 organic carbon stocks (Parker et al., 2015) . For example, root longevity (i.e., age) is lower in 445 graminoids than in shrubs (Iversen et al., 2015) , resulting in slower carbon cycling in soils under 446 shrub-dominated vegetation. In addition, the roots of woody plants are shallower than those of 447 graminoids; thus, an increase in woody plant coverage may result in smaller carbon inputs from 448 roots to deeper soil layers (Ylänne, Olofsson, Oksanen, & Stark, 2018) . 449
We speculate that our findings can be explained by a combination of all of these factors. Woody 450 plant dominance may lead to decreased soil organic carbon stocks due to a faster decomposition, a 451 more active soil microbiota, and smaller carbon inputs from roots to the soil (Ge et al., 2017) . Our 452 results might also be explained by the covariance of soil organic carbon stocks with the soil 453 moisture. In this study, the wettest soils were most often dominated by non-woody plants. 454
Specifically, the plots with tall woody plants had a relatively low coverage, possibly explaining why 455 we found no link between woody plant height and soil organic carbon stock in the model. 456
Quantifying soil organic carbon may introduce some uncertainties to the model (Hugelius et al., 457 2014 ). Some of our study sites were located in tundra meadows (<10%), in which the uppermost 458 part (roughly 0-30 cm) of the soil can in some parts represent a mixture of both organic and mineral 459 layers. Thus, distinguishing the organic layer from the mineral might be reflected in the estimations 460 of the soil organic carbon stocks. 461
462
Indirect effects of snow on soil conditions 463
We found that wintertime snow depth affected summertime soil conditions indirectly through the 464 vegetation properties. These results show that snow depth directly correlated with overall plant 465 coverage and woody plant dominance. Yet, we found no direct effects of snow depth on the soil 466 conditions. 467
In high-latitude mountainous landscapes, the winter conditions have far-reaching effects long into 468 the summer, since a thick snow cover affects the vegetation through plant development and 469 productivity (Billings & Bliss, 1959) , and by affecting plant functional traits, such as the specific 470 leaf area or the dry-matter content (Happonen et al., 2019) 
In summary 485
We investigated the effects of woody plants on multiple soil conditions in tundra. Through this 486 hierarchical approach, we controlled for the influence of other possible factors-namely, the 487 topography, wintertime snow depth, and overall vascular plant conditions. Our study benefitted 488 from a hierarchical framework, since previous studies found it challenging to test whether the 489 effects found resulted from changing vegetation properties or from, for instance, the underlying 490 topography (Crofts, Drury, & McLaren, 2018) . Thus, we recommend future studies consider SEM 491 in their analyses when investigating hierarchical systems (Lefcheck, 2016) . 492
Our results suggest that the dominance of woody plants negatively affects the soil moisture, soil 493 temperature, and soil organic carbon stocks. Yet, the height of woody plants did not affect the soil 494
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